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Abstract
This paper examines a hypothetical CO2 seepage by numerical simulations for assessment of potential environmental impacts at 
geological storage sites. A reasonable but the worst seepage case for geological CO2 storage site in Japan was considered. In 
order to select the model parameters, papers which reported faults/fractures in mainly Tertiary formations in Japan were reviewed. 
From this review we considered that undetectable faults could have 1 km length and 5 m width, and the permeability in 
faults/fractures would be in the range of 1-1000 mD. The migration along a hypothetical fault with 200 mD permeability was 
studied using TOUGH2 simulator. CO2 seepage rate became the maximum at around 5 years, and then decrease gradually. The 
total amounts of escaped CO2 and maximum seepage rate were about 1 % and 0.3 %/year of injected CO2, respectively. The 
sensitivity analysis of the model parameters was carried out. It suggests that the seepage rate is controlled not only the 
permeability of the fault but also that of the reservoir.
© 2013 The Authors. Published by Elsevier Ltd.
Selection and peer-review under responsibility of GHGT.
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1. Introduction
Several off-shore CCS sites are working and preparing in the world (e.g. [1], [2]). It is thought that off-shore sites 
had advantages in storage volume especially in the countries having wide seacoast area. At the same time, geological 
carbon sequestration in off-shore area might cause any impacts on marine environment. Act on Prevention of Marine 
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Pollution and Maritime Disaster of Japan ordain that the operator of CO2 storage under seabed must predict potential 
impacts on marine environment before CO2 is injected. For this purpose, hypothetical cases of CO2 leakage must be
examined by simulations of CO2 migration from the storage reservoir, and calculations of CO2 dispersion in the sea 
[3]. In this paper we focus on the former problem.
Under typical storage conditions CO2 is buoyant relative to brine, and thus the injected CO2 could leak out of the 
reservoir if any leaky pathways exist. Possible leakage pathways include diffusion/dispersion across caprock 
formations, natural or induced faults/fractures, and human-made boreholes. Among them, escaped CO2 could
increase when leakage occurred along fault/fracture, since the cross section of the pathways would is larger.
Simulations of CO2 migration from the reservoir to the surface have already been reported (e.g. [4], [5]). Pruess 
[4] calculated the case that CO2 migrates along a fault, and found that fluid mobility is reduced in three-phase (liquid, 
gaseous and aqueous phases of CO2) region in the ground. However, he applied a constant pressure condition to the 
leaky point of CO2. This condition is equal to the CO2 injection into the fault with a constant pressure. This 
assumption is not proper for the assessment of environmental impacts at CCS site in Japan.
In this paper, we build a reasonable fault/fracture model which could result in the worst leakage case of 
geological CO2 storage in Japan. Then we simulate CO2 migration from the reservoir to the surface in order to 
evaluate the amount of escaped CO2. Sensitivity analysis of the model parameter is also conduced to find the model 
parameter which controls the seepage of CO2.
2. Model setting
2.1. Geometry and properties of fault/fracture
A reasonable model should be considered for the evaluation of the leakage along fault/fracture. In order to 
determine the model parameters, papers which reported the faults/fractures in mainly Tertiary formations in Japan 
were reviewed. Tertiary is the common geological period of the target formation at CCS sites in Japan. The lengths, 
the widths, and the vertical displacements of faults/fractures were related each other. We assumed that faults can be 
detectable by seismic surveys if the vertical displacements of formation at 1000 m depth are larger than 4 m. From 
this assumption we considered there might be faults/fractures with 1 km length and 5 m width in geological storage 
sites.
The permeability in faults/fractures was also reviewed. The permeability in fault/fracture is the most uncertainty 
parameter. Conductive [6] and non-conductive [7] faults were reported. Conductive faults are the interests in this 
study. Geological structure and hydrological properties of Omagari fault in Horonobe, northern part of Japan had 
been investigated intensively [8]. The host formation is Neogene siliceous sedimentary rocks. Two boreholes were 
drilled so as to penetrate fracture zones of the fault (Fig. 1). Using these wells hydrological properties under in-situ 
condition were measured. There was a tendency that the permeability becomes smaller at the deeper measurement 
positions. The permeability in the fracture zone was in the range between 1 and 1000 mD, and that in the host rock 
was in the order of 10 PD. These values could vary at different sites, however the in-situ permeability measurements 
provides a reasonable evaluation of the permeability of conductive fault/fracture in Japan.
2.2. Simulator for migration problems
Next we consider simulator for the migration problems. The simulator should take into account the phase 
transition of CO2. Fig. 2 shows phase state of CO2 and typical geothermal and pressure condition in the Earth. The
temperature and the pressure at the critical point of CO2 are 31.1 |C, and 7.38 MPa, respectively. It is favored that 
the CO2 in the reservoir is in supercritical state, since CO2 becomes denser and therefore the amount of injected CO2
is expected to be larger. CO2 migration from the reservoir to the surface means that phase transition from
supercritical to gaseous CO2. Furthermore, the movement of CO2 plume to shallower layer causes cooling, and this 
cooling might result in the transition from gaseous to liquid phase [4]. The numerical codes for the CO2 migration, 
therefore, should be able to handle the phase transition during the simulation. The simulator TOUGH2 v2.1 with 
ECO2M module was coded to simulate the migration problems with phase transition [9], thus we used this simulator 
for the migration problem.
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The setting of the relative permeability is also one of the important points in the simulation of the fluids with CO2.
In ECO2M module, Stone’s model and Parker’s model have been prepared. We found that the Stone’s model was 
better to represent the relative permeability function of sandstones in Japan, since this function is able to settle the 
irreducible water saturation and residual CO2 saturation. Furthermore, we modified the implemented Stone’s 
function to adjust measured/reported relative permeability function for the sandstone in Japan (Fig. 3). We used the 
same function in the whole system even in the modeled fault. Capillary pressure was assumed to be negligible, 
which could result in the case of the worst seepage rate.
Fig. 1. Boreholes which penetrates Omagari fault, northern part of Japan (modified [6]).
3. Numerical results
We introduce a base leakage model, where a fault/fracture was chosen in order to investigate the worst leakage 
case. We assumed a vertical fault on the reservoir, where CO2 could most efficiently leak along the fault/fracture.
The position of the conductive fault was settled at the center of the CO2 plume, where the pressure was the highest 
Fig. 2. Phase state of CO2 and typical geothermal and pressure 
condition in the Earth (shaded area). 
Fig. 3. Relative permeability functions of 3 phases by modified 
Stone’s model (lines) and measured function of sandstone in Japan 
(blue and red dots).
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and the amounts of leaked CO2 would become the largest. For the geometrical parameters and the permeability of 
the fault, the evaluated values in the previous section were used; length of the fault was 1 km, thickness of the fault 
was 5 m, and the permeability in the fracture zone was 200 mD. The reservoir was thought to be 40 m thickness and 
with 10 mD permeability. The permeability of seal layer was set as 10 PD. The absolute permeabilities in the 
reservoir and the fault were assumed to be constant, and the horizontal and vertical permeabilities in the fault were 
thought to be the same for the simplicity of the problem. Table 1 summarizes the parameters of the base model for 
the migration problem.
Fig. 4 shows the mesh grids for the numerical simulation. The boundary condition of this model was settled as 
follows. The outside of the side boundaries were assumed to be walls where no fluid is able to across the boundary.
The top and the bottom cells were assumed to be constant temperature and pressure with large volumes. At the top 
cells the condition corresponds to the bottom of 20 m depth of sea. With these conditions at top and bottom cells, 
inward or outward flows from the cells at the boundaries to the inner ones were able to take place. The flows 
between the cells at the top and the inner ones represent the seepage from the seafloor, which is the interest in this 
study.
The initial condition of the migration simulation was determined as flows. We calculated the pressure and CO2
distribution in the reservoir after 100 k-tonnes of CO2 were injected from a well in 1 year. The over pressure value 
and CO2 distribution by the CO2 injection was added to the static state of the whole system. The migration 
simulation was started from this initial condition. This is corresponds to that fault/fracture was generated just after 
the CO2 injection when the pore pressure becomes the highest. Fig. 4 shows the initial CO2 saturation.
Fig. 5 shows snapshots of the CO2 distribution by the migration simulation. ECO2M module of TOUGH2 
provides CO2 in liquid (including supercritical state) and gaseous states, thus we showed them separately although 
the three-phase condition was not realized through this study. CO2 plume rose slowly along the fault, and seepage 
began about 5 years later from the start of the migration. The area where CO2 seepage occurred was limited just 
above the CO2 plume. This result indicates that the buoyancy was dominant as the driving force of the migration. 
The CO2 plume in the reservoir was slightly expanded during the simulation, which represents the pressure
dissipation in the reservoir.
Table 1. Model parameters of base leakage case
Parameter Value
Modeled area 1000m(X) x 1000m(Y) x 1200m(Z)
Number of cells 30 (X) x 33 (Y) x 122 (Z)
Number of active cells 13410
Perm. of the fracture 200 mD
Perm. of the reservoir 10 mD
Side boundary Wall
Top & bottom boundary Constant temperature & pressure
Fig. 4. Mesh for the migration simulation and the initial CO2 saturation.
Fault
Reservoir
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Fig. 5. Snapshots of CO2 migration by the base model. Left panels show the liquid (including supercritical) phase, and right panes are the gaseous 
phases. From the top 1, 4, and 8 years later from the start of the migration.
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Fig. 6. Temporal variation of CO2 seepage rate (left) and cumulative amount of escaped CO2 (right) by the base model.
Fig. 6 illustrates the seepage rate and cumulative amount of escaped CO2. The CO2 seepage rate became the 
maximum just after the seepage began, and then decreased gradually. This behavior is similar to the seepage from a
leaky well (e.g. [10]). The total amounts of escaped CO2 and maximum rate were about 1 % and about 0.3 %/year of 
injected CO2 respectively. This result is comparable with the value reported in ICPP [11].
4. Discussion
In this section we report sensitivity analysis of the base model.
First, we changed the permeability of the fault. We simulated the cases with 100, 200 (base case), 500, and 1000 
mD of the permeability in the fault/fracture. Fig. 7 shows the seepage rate and cumulative amount of escaped CO2 of 
4 different cases. It can be seen that the breakthrough time becomes faster when the permeability of the 
fault/fracture was larger, which is thought to be reasonable. Meanwhile the cumulative amount of escaped CO2
increased when the permeability of the fault was smaller. This means that the migration speed does not have positive 
correlation with the cumulative amount of escaped CO2. The reason of this could be related to convection of CO2
dissolved water. The formation water becomes denser when CO2 was dissolved, and then density convection of CO2
dissolved water could occur (e.g. [12]). The convection becomes more efficient when the permeability of the 
fault/fracture becomes larger. Therefore the cumulative amount of escaped CO2 became smaller. Fig. 8 shows 
snapshots of the dissolved CO2 distributions with the permeability of 200 and 1000 mD at 30 years later from the 
migration. It can be seen that the CO2 dissolved water expanded in deep area of the fault because of the density 
driven flow. The area with dissolved CO2 became deeper and wider in the case of 1000 mD. This difference comes 
from that the density convection was more efficient in 1000 mD case. It should be noted that the grid points in this 
study was too coarse to evaluate the effects of density convection at 1000 mD case, since the wavelength of the 
finger is much smaller [12]. The effect of density convection in this study would be underestimated.
Next, we considered the effect of the permeability of the reservoir. We studied the case that the permeability of 
the reservoir was 10 (base case), 20, 30, and 40 mD. Fig. 9 shows the temporal variation of CO2 seepage rates and 
cumulative amount of escaped CO2. From the figure, the breakthrough time and the total amount of escaped CO2
were varied when the permeability of the reservoir was changed. The effect on breakthrough time was relatively 
small, thus the breakthrough time was mainly controlled by the permeability in the fault. The peak values of seepage 
rate increased when the permeability in the reservoir was larger. The difference in cumulative amount of escaped 
CO2 indicates that this value is controlled by the permeability in the reservoir. There is positive correlation between 
the amount of escaped CO2 and reservoir permeability, in contrast with the correlation between the amount of 
escaped CO2 and fault permeability. This could come from the difference of the efficiency of the density driven
convection in the reservoir and the fault.
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Fig. 7 .Temporal variations of CO2 seepage rate and cumulative amount of escaped CO2 from the models with different fault permeability.
Fig. 8. .Distributions of dissolved CO2. The permeabilities of the fault were 200 mD (left) and 1000 mD (right), respectively.
5. Summary
We have numerically investigated the CO2 leakage from the reservoir of geological storage by assuming a 
hypothetical fault. The evaluation was corresponded to the worst leakage case. The geometry and the properties of 
the fault were determined from the papers reported about faults/fractures in Tertiary formation in Japan. The 
hypothetical fault in this study was 1 km length and 5 m width, and its permeability was thought to be in the range 
between 100 and 1000 mD. To simulate the three-phase condition of CO2 in the ground, TOUGH2 simulator with
ECO2M module was applied. The numerical results showed that CO2 seepage rate became the maximum at around 
5 years, and then decrease gradually. The total amount of escaped CO2 and maximum rate were about 1 % and 
0.3 %/year of injected CO2, respectively.
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Sensitivity analysis was conducted to investigate the model parameters being control the seepage rate. The larger
fault permeability resulted in faster breakthrough, but slightly smaller amount of escaped CO2. The results with 
different reservoir permeabilities showed that the total amount of escaped CO2 increased when the permeability was 
larger. These results suggest that the total amount of escaped CO2 was rather sensitive to the reservoir permeability. 
It should be noted that the large permeability in the fault will cause density convection of the CO2 dissolved water,
which was not resolved sufficiently in this study.
We considered the worst leakage case for the assessment of the environmental impact of geological storage in 
Japan. The results of these calculations will be utilized for CO2 dispersion in seawater [3] and monitoring of 
seawater quality.
Fig. 9. Temporal variations of CO2 seepage rate and cumulative amount of escaped CO2 from the models with different reservoir permeability.
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